INTRODUCTION 56
Microbial communities drive essential ecosystem services in estuaries and salt marshes, 57 most significantly via nutrient recycling and removal. For example, microbes carry out 58 denitrification and anammox pathways, using nitrate (NO3 chronosequence of restored salt marsh islands now exists in Jamaica Bay. In addition, because 95 Jamaica Bay is well mixed these locations experience similar water-column chemistry providing 96 an ideal system to investigate how microbial communities may change with age within 97 eutrophic estuaries. 98
Management plans and ecosystem models for eutrophic estuaries require a better 99 understanding of the composition and metabolic capacity of sediment microbial communities 100 within restored marshes and how they change during marsh development. Here, we investigate 101 the diversity of microbial communities found in sediments across the chronosequence of 102 7 showed a similar pattern. Extractable NH4 + ranged from 3.82 to 9.49 mg l -1 in the surface 132 sediment, with YB having the lowest and BB having the greatest concentrations. YB also had the 133 lowest NH4 + concentration in the subsurface sediment. Other extractable nutrients were similar 134 across sites (Table 1) . 135
Sequence Preparation. Raw sequence processing produced 594,531 paired end surface 136 level sequences and 316,424 paired end subsurface level sequences. Surface samples had a 137 mean sequence count of 23,671.2 (standard deviation ± 4419.0), while subsurface samples had 138 a mean sequence of 21,904.9 (standard deviation ± 5364.7). After pooling sequences to assign 139 amplicon sequence variants (ASVs), taxonomy was assigned using the Ribosomal Database 140
Project classifier (27) . ASVs that were classified to an unassigned Kingdom or determined to be 141 of Archaeal, mitochondrial, or chloroplastic origin were discarded from the dataset prior to 142 further analysis. A total of 3,887 surface ASVs and 2,569 subsurface ASVs were then used in 143 Phyloseq (28) for community analysis. 144
Alpha and Beta Diversity of bacterial communities at two sampling depths. Surface 145
ASVs were classified into 29 phyla and 159 families, while subsurface samples were classified to 146 at the surface level and 5.17-6.25 at the subsurface level. Minimum and maximum richness 153 estimates and Shannon estimates are provided by location and sampling depth in Table S1 . 154
Unweighted and normalized weighted UniFrac (31) distances were calculated using 155
Phyloseq, and differences in community structure were assessed with NMDS ordinations in R 156 (32) (Fig. 3) . PERMANOVA analysis using Bray-Curtis distances were conducted using Vegan (33) 157 and showed that sites were grouped significantly by location at the surface level but not at the 158 subsurface level (Table 2) . 159
Hierarchical clustering was performed to visualize weighted UniFrac sample distances. 160 UPGMA trees were constructed for both surface and subsurface samples ( Taxonomic Composition by relative abundance. Fig. 5A -B shows the taxonomic 165 composition at the phylum level of all ASVs found at greater than 1% relative abundance. For all 166 samples and at both sampling depths, Proteobacteria was the most dominant phylum of the 167 community, with Bacteroidetes second. Seven different phyla were found to be differentially 168 abundant between restored and unrestored locations at the surface level using DESeq2 (34) or 169 displayed clear trends with age (Fig. 5C) . 170
Surface Taxonomy. The relative abundance of the phylum Chloroflexi was found to be(0.7 ± 0.2%) and EE (0.8 ± 0.4%). Finally, the phylum Bacteroidetes made a larger overall 196 contribution to community structure at the two oldest restored sites EE (12.7 ± 5.6%) and BE 197 (7.0 ± 4.5%), and BB (12.6 ± 0.6%) compared to the two youngest restored sites EW (4.4 ± 2.5%) 198
and YB (5.7 ± 5.6%). 199
Constrained Analysis of Principal Coordinates (CAP). We used constrained ordinations 200
to explore how environmental variables (Table 1) In addition, regressions were made on NMDS and CAP axes weighted by the inverse of 211 the standard error of the predictor variable (Fig. 7) , to assess their effect on bacterial 212 community composition. Black Bank separates out based on sediment organic content, but the 213 trend in community structure in the restored marshes appeared more related to belowground 214 biomass.
After rarefaction to account for uneven sequencing depth and correcting for 16S gene copy 218 number, bar graphs of predicted gene abundances were constructed to show differences 219 among sampling sites and sampling depths (Fig. 8) . Spearman correlation coefficients were 220 calculated to determine which environmental variables exhibited positive and negative 221 correlations with predicted N gene content (Table 3).  222 At the surface level, predicted nitrogen fixation gene (Nif) counts increased with marsh 223 age and were most abundant at BB. Genes involved in denitrification (Nar, NirS, NirK, NorB, 224 NosZ) were highest at the EW site. We did not find a clear trend in genes associated with DNRA 225 (NrfA) among sites. Assimilatory nitrite reductase (Nas) was significantly more abundant at BB 226 but similar across all other sites, as were genes involved with ammonia assimilation (gdh and 227 the GS-GOGAT pathway). 228
Subsurface samples from YB and BE showed the most predicted denitrification genes, 229 and the abundance of these genes was roughly double compared with surface samples. Similar 230 patterns were predicted in subsurface genes involved in assimilatory nitrite reduction, DNRA 231 and GS-GOGAT as in the surface. Nar was more abundant at YB, BE, and BB, and NorB was 232 highest at YB and BE. 233
234

DISCUSSION
236
Complex system, complex communities. Salt marsh sediments are complex systems 237 with diverse microbial communities that perform a wide array of biogeochemical processes 238 critical to the world's nutrient cycles and the global transfer of materials between terrestrial 239 and ocean ecosystems. While much is known about the processes that microbial communities 240 are able to perform as a whole in these systems, more research is needed to elucidate the 241 specific taxonomic and functional composition of these communities, and the environmental 242 drivers that shape them. Here our results showed that five marsh islands within the same 243 estuary exhibited distinct differences in Shannon diversity, as well as beta diversity, taxonomic 244 composition, and predicted functional capacity among sampling sites. These differences were 245 also observed when comparisons were made between surface and subsurface samples within 246 the same sampling location, attempting to tease out differences in community composition 247 under different redox conditions. Some differences in community structure among sites and 248 depths can be correlated to the environmental data, or known functional characteristics of 249 taxa. Other results, however, do not have a clear explanation, and may be influenced by daily 250 inundation times, aspects of restoration such as sediment origin, or variables not measured 251 such as hydrology or erosion. 252 Alpha diversity estimates differ by both location and sampling depth. Richness 253 estimates at all five sampling sites showed higher richness at the surface than the subsurface 254 level. Within these sampling depths, however, we found no significant differences in richness 255 across the chronosequence. Similarly, a salt marsh chronosequence spanning over 100 years 256 showed no age-related differences in richness (15). The observed differences between sampling 257 depths in the current study could result from both more stringent selective pressures at the 258 subsurface level than at the surface level, as well as less frequent perturbation and taxonomic 259 turnover at subsurface levels. Sediment oxygen conditions are typically a major driver of 260 community composition and could restrict the number of taxa able to persist at the subsurface 261
level. 262
Estimates of Shannon diversity, which take into account evenness among taxa, showed 263 significant differences among the five marsh sites at both surface and subsurface levels, 264 consistent with our hypothesis. While we found no strong trends in diversity with age or 265 restoration status across sites, the two youngest sites had the lowest Shannon diversity. We 266 hypothesize that these younger restored marshes may be farther away from ecological 267 equilibrium due to their sediment composition or nutrient limitations. 268 Alpha diversity estimation in microbiome studies is an area of active research, and 269 values may be under-or overestimated due to the compositional nature of the data (36, 37). 270
However, as long as no biases exist across samples, Shannon diversity remains useful for 271 exploration of broad relative trends. In this study we note that environmental factors may be 272 driving differences in alpha diversity among sites and between depths. In a separate study 273 shannon diversity and richness were found to differ between sampling depths in mudflat 274 sediment (38). However, trends described in this study were not clear as two of three sites 275 showed higher richness at subsurface depths, and two of three sites showed lower Shannon 276 diversity at the subsurface (38). A separate study calculated richness and Shannon estimates 277 based on nitrogen functional gene diversity, and found that diversity decreased with marsh age 278 across a 100 year time span (16), much longer than the 12 year span in this study. energy for microbes in newly constructed marshes. However, an important caveat is that we 295 are unable to determine with our dataset how this difference may be affected by the degraded 296 status of Black Bank. We expect degraded marshes to show less new root growth and a higher 297 fraction of standing root mass that consists of recalcitrant (i.e., difficult to decompose) material, 298 relative to healthy ones. Future studies should incorporate comparisons of stable and 299 degrading natural marshes wherever possible in order to determine how marsh degradation 300 affects these factors. While the factors separating BB from the restored marshes were relatively 301 clear, surprisingly, neither belowground biomass nor percent organic content, N, or C, had a 302 statistically significant effect on groupings from PERMANOVA analysis. Therefore factors driving 303 statistically distinct communities among the restored marsh islands may not have been 304 captured in our environmental data. 305 An UPGMA dendrogram of surface level communities (Fig. 4A) shows that microbial 306 communities of EE and BE are more similar despite being the sites most geographically distant 307 from each other (Fig. 1 ). EW and YB were also similar to each other, and BB was the most 308 dissimilar to the other four sites. While we cannot draw firm conclusions from this clustering 309 due to the complex nature of the study system and limited sample size, the clusters share some 310 In the subsurface UPGMA dendrogram (Fig. 4B ), BB communities were also dissimilar in 320 composition, but communities from the other four sites did not cluster by location. Restored 321 marshes have higher percentage of sand and accumulate less organic matter and total N in 322 subsurface layers (21, 39). Nutrient availability and sand content have previously been 323 identified as significant drivers of salt marsh microbial community structure across a 324 chronosequence (15, 16). It is possible that subsurface sediments experience less site-to-site 325 variability in environmental conditions than surface sediments, leading to slower divergence in 326 community composition at subsurface depths. As a consequence, bacterial communities below 327 the surface may change more slowly than at the surface following restoration. Several studies 328 have shown that microbial community structure, functional potential, and nitrogen cycling 329 processes change across a natural marsh chronosequence (15-17, 41); however to our 330 knowledge post-restoration succession within the microbial community has not been examined 331 previously at the subsurface level. More research is needed to determine if these results are 332 due to a difference in the rate of community succession between surface and subsurface, or if 333 subsurface microbial communities are similar among unrestored marsh sediment as well. 334
Taxonomic composition shows distinct differences among sampling sites. The two 335 most dominant phyla, Proteobacteria and Bacteroidetes, observed at all study sites were also 336 most dominant in other studies performed in estuarine systems (15, 42-44). Several other 337 phyla showed striking variation at both surface and subsurface samples across sites, which was 338 consistent with our hypothesis that microbial communities would differ among sites along the 339 chronosequence. The phylum Chloroflexi was relatively more abundant at BB than any other 340 site at the surface and subsurface levels. The dominant family within Chloroflexi was 341
Anaerolineaceae in restored surface sites, similar to findings from a previous study in mudflat 342 sediment (38). This family specifically, as well as Chloroflexi as a whole, have been shown to 343 contain a wide array of carbohydrate hydrolytic genes (45), which correlates with the high 344 amount of accumulated organic matter and decomposing belowground biomass at BB (21) At the surface level, Cyanobacteria were major contributors to overall composition at YB 361 and EW, the two youngest sites. These cyanobacteria were likely filling the role of autotrophic 362 N fixers, consistent with our second hypothesis. This result is consistent with studies previously 363 conducted in marsh chronosequences (15, 17) and is likely due to the ability of manycould be due to accumulation of organic matter over time and the previously shown 370 characteristic of Bacteroidetes phylum to have a broad array of carbohydrate-degrading genes 371 (45). A recent study, however, examined diversity at the surface level of a natural marsh 372 chronosequence, and found Bacteroidetes to be associated with younger sites (0 and 5 years of 373 age) (15), possibly indicating that Bacteroidetes fulfills a different role in subsurface samples 374 than at the surface. 375
Predicted nitrogen cycling gene content. Nitrogen fixation predicted gene content 376 (nitrogenase, Nif) increased slightly across the chronosequence. Gene content in surface 377 sediment at the unrestored site (BB) was substantially higher, with twice as many predicted Nif 378 gene copies than any other site, and three times higher counts in subsurface samples. This 379 result was surprising as we predicted Nif gene copies would be greatest at the young restored 380 marshes. Interestingly, we did observe a higher abundance of Cyanobacterial autotrophic N 381 fixers at EW and YB. One possible explanation for this is that Cyanobacteria are 382 underrepresented in the pre-constructed reference genome database used to calculate our 383 gene predictions (9 genomes out of ~5400). However, this increase in Nif gene content with 384 age, despite there being a lack of fixed N at younger sites, has been shown in one previous 385 study (16) through qPCR analysis of the Nif gene, a method independent of genome databases. 386
The chronosequence of marshes in that study spanned ~100 years, somewhat shorter 387 compared with the estimated age of Black Bank (>200 years). Alternatively, the higher gene 388 content at BB and the older restored marshes could be due to heterotrophic N-fixing anaerobic 389 bacteria that use sulfur for respiration (48), rather than cyanobacteria. This possibility is 390 consistent with our observation that surface samples had less predicted Nif content than thesubsurface. Significant positive relationships between predicted Nif content and percent N at 392 the surface, and with belowground biomass, percent organic content, C and N in subsurface 393 samples (Table 3) , suggest an increase in heterotrophic N fixation at mature marshes where C 394 content is higher. This would also be consistent with other studies that report high sulfide levels 395 in sediment with greater accumulation of recalcitrant carbon and marshes experiencing greater 396 inundation (i.e., lower marsh elevation) (21, 48). 397
Our results differ from a study of a naturaly developed marsh chronosequence, 398 consisting of two young marshes (7 and 15 years) and one mature marsh (150 years) in Virginia. 399
In that study, N fixation rates were found to be negatively correlated with organic content and 400 were higher at younger marshes (17). An increase in Nif gene content with a hypothesized 401 decrease in N fixation rates could be explained by a disconnect between the Nif gene presence 402 in the predicted metagenome of BB and the actual rate of N fixation. The method presented 403 here reports predicted gene content, rather than a direct reflection of genes being actively 404 expressed. Many of the genomes containing Nif genes may be facultative N fixers who rarely fix 405 N. Preliminary evidence has shown that denitrification was the dominant N2 flux at BB and that 406 these gene copy results were likely due to a mismatch between predicted Nif content and 407 actual rates of N fixation (49). 408
We expected to see an increase in denitrification gene predictions at the natural 409 unrestored marsh (BB) since a previous study showed significant increases in denitrification 410 gene content in a marsh creek that had experienced extensive nutrient loading (50). Jamaica 411
Bay has been experiencing increased N loading for >110 years (27). Contrary to our expectation, 412 the gene predictions demonstrated that BB microbes had less denitrification gene content thanany restored marshes. Gene predictions related to the process of denitrification (Nar, NirS/NirK, 414
NorB, NosZ) were lowest for most genes at BB, in both surface and subsurface samples. Surface 415 gene content for these genes was highest at a relatively young marsh (EW). Subsurface sample 416 counts for these genes were high overall, with the exception of BB, and were roughly two-three 417 times higher than surface sample counts, likely due to the anaerobic conditions in the 418 subsurface sediment. The subsurface NirS/NirK, NorB, and NosZ were significantly negatively 419 correlated with belowground biomass and percent C. BB did display a higher abundance of 420 genes related to nitrogen assimilation (assimilatory Nir, gdh and GS-GOGAT) than any other site 421 at both surface and subsurface, consistent with previous work that showed an increase in 422 nitrogen assimilation gene content with marsh age (41). This could indicate that nitrogen 423 assimilation is favored over nitrogen removal at BB. Anaerobic sediment and high sulfides may 424 inhibit coupled nitrification-denitrification thus reducing denitrification potential at BB. Again, 425 these results reflect predicted gene content rather than gene expression, and it is important to 426 confirm these findings using techniques such RNA-Seq or proteomics to give a more accurate 427 representation of the metabolic processes occurring in these communities. Preliminary results 428 from these locations indicate significantly higher rates of microbial denitrification at BB relative 429 to restored sites (51). As with our nitrogen fixation results, we expect that many denitrifying 430 bacteria are facultative. In that case, local environmental conditions that favor expression of 431 denitrification genes may prove to be better predictors of actual N-removal rates than 432 characteristics of the microbial community itself. contained more predicted genes related to the ability to perform denitrification. The most 453 dissimilar community at both surface and subsurface sediment depths was Black Bank, the 454 oldest and the only unrestored marsh. Analysis of predicted gene content suggested that 455 metabolic capacity for N assimilation was greater at BB than the restored marsh sites. We 456 speculate that this unique community composition at BB was driven by environmental factors 457 at this site including high C, N, and organic content. We cannot determine with the present 458 dataset, however, whether marsh age, its degrading nature, or its unrestored status are the 459 proximate causes for these differences. Many N processes are facultative, especially 460 denitrification, so measuring gene expression should be considered as a replacement for the 461 measurement of gene abundance. Future work within this and similar systems should seek to 462 experimentally link the biogeochemical processes ongoing within the marsh to specific bacterial 463 taxa through RNA-seq, proteomics, metabolomics and should also include stable natural 464 marshes in addition to degrading natural marshes. 465 heights, and leaf characteristics were performed in the laboratory. The belowground biomass 478 was sampled by taking a core (2.76 x 15cm) from the center of the quadrat to a depth of~10cm. The entire core was brought back to the lab where it was wet-sieved through a 1mm 480 mesh. Both above and belowground plant material was dried at 60°C and sub-samples were 481 homogenized with a mortar and pestle. The carbon and nitrogen content of the plant material 482 was measured using a Perkin Elmer Series 2400 CHN element analyzer (Perkin Elmer Inc., 483 Shelton, CT) using acetanilide as a standard. 484 Sediment samples were collected from the belowground biomass core. Subsamples 485 from the sediment surface (0-2.5cm) were taken to measure sediment chlorophyll-a using the 486 acetone extraction method and measured spectrophotometrically (52). Subsamples were also 487 taken from both the surface 0-5 cm and subsurface (5-10cm) to determine the organic content, 488 organic carbon, total nitrogen, and extractable nutrient concentrations. Sediment was dried at 489 60°C and weighed to determine water content. The sediment organic content was determined 490 based on the loss on ignition at 500°C (53). Dried sediment samples were treated with 25% 491 hydrochloric acid and re-dried (54) to determine percent organic carbon and total nitrogen. 492
466
MATERIALS AND METHODS
468
Study site sediment and vegetation characteristics
Lastly, we used a fresh ~5g sediment sample to determine extractable nutrient concentrations. 493
Samples were extracted with 10-mL 2N KCl and analyzed for ammonium, 494 nitrite, nitrate, and soluble reactive phosphate concentrations using a Seal AQ2 Amplified DNA sequences were pooled in equal proportions, and then purified using Ampure XP 516 Beads, purified PCR product was then prepared for sequencing using the Illumina TruSeq DNA 517 library preparation protocol. Sequencing was performed using the Illumina MiSeq platform, raw 518 sequence files can be found at TBD (Submitting to SRA). Amplification, library preparation and 519 sequencing was performed by Molecular Research LP (Shallowater TX). 520
Bioinformatic Pipeline. Raw demultiplexed DNA sequences were first re-orientated and 521 had primers removed using Cutadapt (59). Forward and reverse sequences free of primers and 522 barcodes were trimmed for quality, denoised, merged and grouped into ASVs using the DADA2 523 pipeline (60). ASVs were assigned taxonomy using the Ribosomal Database Project (27). ASVs 524 that were classified as an unassigned Kingdom or determined to be of Archaeal, mitochondrial, 525 or chloroplastic origin were discarded from the dataset. A phylogenetic tree of ASVs was 526 constructed using the Decipher (61) and Phangorn (62) in R (32). An ASV table, taxonomy table,  527 metadata table, and phylogenetic tree were imported into Pyloseq (28) for further community 528 analysis. Richness estimates were calculated using Breakaway (29) and Shannon estimates were 529 calculated using DivNet (30). Beta diversity was calculated using both weighted and unweighted 530 UniFrac (31), and taxonomic composition relative abundances were computed using Phyloseq. 531
Non metric multidimensional scaling (NMDS) calculations, PERMANOVA analysis of beta 532 diversity distance matrices, CAP, weighted regressions and spearman correlations was 533 computed using the R package Vegan (33). Metabolic inferences were made using PAPRICA (35) 534 by first randomly sampling to an even depth of 9499 sequences per sample. In addition to 535 rarefying sequence counts were normalized using DESeq2 (34) and run through PAPRICA 536 without random subsampling and similar trends were observed. Tables:  744  Table 1 
